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We report the synthesis and characterisation of polycrystalline Na2RuO3, a layered material in
which the Ru4+ (4d4 configuration) form a honeycomb lattice. The optimal synthesis condition
was found to produce a nearly ordered Na2RuO3 (C2/c phase), as assessed from the refinement of
the time-of-flight neutron powder diffraction. Magnetic susceptibility measurements reveal a large
temperature-independent Pauli paramagnetism (χ0 ∼ 1.42(2) × 10−3 emu/mol Oe) with no evi-
dence of magnetic ordering down to 1.5 K, and with an absence of dynamic magnetic correlations,
as evidenced by neutron scattering spectroscopy. The intrinsic susceptibility (χ0) together with the
Sommerfeld coeficient of γ = 11.7(2) mJ/Ru mol K2 estimated from heat capacity measurements,
gives an enhanced Wilson ratio of RW ≈ 8.9(1), suggesting that magnetic correlations may be
present in this material. While transport measurements on pressed pellets show nonmetallic be-
haviour, photoemission spectrocopy indicate a small but finite density of states at the Fermi energy,
suggesting that the bulk material is metallic. Except for resistivity measurements, which may have
been compromised by near surface and interface effects, all other probes indicate that Na2RuO3 is
a moderately correlated electron metal. Our results thus stand in contrast to earlier reports that
Na2RuO3 is an antiferromagnetic insulator at low temperatures.
I. INTRODUCTION
The identification and characterisation of new quan-
tum materials remains one of the principal drivers of re-
search into complex systems. Quantum materials exhibit
a plethora of functional properties, from superconductiv-
ity to topological states, driven by the subtle interplay
between competing energy scales1,2. The inherent in-
stability to perturbation in these systems is both bless-
ing and curse; exotic ground states can be stabilised out
of the competition, but these delicate states are often
extremely sensitive to crystalline disorder and impuri-
ties3,4. Hence, robust material science research is cru-
cial to ensure well-characterised and phase pure samples
are provided for advanced measurement techniques like
neutron scattering, angle-resolved photoemisison spec-
troscopy and scanning tunnelling microscopy 5. In this
paper, we report a comprehensive powder synthesis and
characterisation study of the layered honeycomb quan-
tum material Na2RuO3. We determine its ground state
to be a correlated electron metal, which is at odds with
previous claims of insulating antiferromagnetism6.
Layered honeycomb structures have been identified
as having the potential to host exotic ground states,
a well known example of which is the honeycomb iri-
dates A2IrO3 (A=Na, Li). In these Ir
4+ (5d5) materials,
the strong spin-orbit coupling (SOC) stabilises a Jeff =
1/2 Mott insulating state. The combination of strong
SOC, intrinsic geometric frustration and other compet-
ing terms in the Hamiltonian favours highly anisotropic
Kitaev exchange interactions7,8. Theoretical predictions
suggest that the Kitaev physics associated with these in-
teractions may lead to exotic phases such as topologi-
cal insulators9 and quantum spin liquid state10,11 (QSL).
However, such novel ground states have not yet been real-
ized in these systems largely due to competing isotropic
interactions (Heisenberg) that stabilize magnetic order
and/or lattice distortions that relieve geometrical frus-
tration.
In this context, the study of the honeycomb ruthen-
ate counterparts (A2RuO3, with A=Na, Li) provides a
new path to explore systems with unusual physics emerg-
ing from the interplay of SOC and electronic correla-
tions. These materials feature a Ru4+ (4d4) configura-
tion, which in the presence of a strong octahedral crystal
field, and intermediate strength SOC and Hund’s cou-
plings, yields a t42g ground state manifold with Jeff = 0.
For such systems it has recently been proposed that su-
per exchange interactions lead to excitonic Van Vleck-like
magnetism, and above a quantum critical point, Bose
Einstein condensation of the higher lying Jeff = 1 triplet
occurs12–14. The inherent bond-directionality of the Jeff
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2states, renders the ground state exquisitely sensitive to
the lattice connectivity. In the case of the honeycomb lat-
tice it is predicted that a novel type of spin-liquid may
be realised15.
While interest in the honeycomb ruthenates has been
largely concentrated in the Li2RuO3 due to the pres-
ence of dimerization and the formation of an exotic va-
lence bond liquid phase16–18, the studies of the physi-
cal properties of Na2RuO3 are somewhat scarce and un-
clear. Early studies by Mogare et al.19 identified the
crystal structure and synthesis conditions of Na2RuO3,
noting that the material suffered from cation disorder
within the honeycomb plane. More recently, Cao and
co-workers6 claimed to synthesise single crystals, de-
termining Na2RuO3 to be an insulating antiferromag-
net with a Ne´el temperature around 30 K from bulk
susceptibility and heat capacity measurements. Subse-
quently, Gapontsev et. al.20 used X-ray absorption spec-
troscopy, resistivity and density functional theory calcu-
lations to propose a model of the magnetic structure in
the ground state. In parallel, Na2RuO3 has been iden-
tified as a candidate material for a cathode for sodium
batteries21,22. It has been demonstrated that it exhibits
a remarkably high reversibility of electrochemical Na in-
sertion/deinsertion combined with a high specific capac-
ity23. From all these studies, Na2RuO3 has been identi-
fied to crystalise in one of the two existing polymorphs:
a disordered-Na2RuO3 with space group R3m
23 and ran-
domly distributed [Na1/3Ru2/3]O2 slabs and an ordered-
Na2RuO3
6,19,21,22, with space group C2/c (or C2/m) and
honeycomb-ordered [Na1/3Ru2/3]O2 slabs (see Figure 1
for the C2/c crystal structure). Our interest is in the
ordered phase, which might be expected to host exotic
physics in the context of a d4 spin-orbit coupled Mott in-
sulator15. The purpose of the current study is to revisit
the synthesis and characterisation of low-temperature
properties to clarify the ground state of the ordered phase
of Na2RuO3. Remarkably, we find no evidence of mag-
netism in this material, identifying it instead as a para-
magnetic, correlated electron metal. We discuss the pos-
sible reasons why this material was miscategorized.
II. EXPERIMENT
A. Powder synthesis
The synthesis of polycrystalline Na2RuO3 consisted
of two steps, following similar procedures present in
Refs. 19 and 24. The first part involved the synthesis of
Na2RuO4, prepared by solid state reaction from stoichio-
metric amounts of Na2O2 and RuO2. The powders were
ground and mixed in an agate mortar under argon. The
mixture were placed in an alumina crucible and heated
to 450 ◦C for 5 h, 530 ◦C for 10 h and 630 ◦C for 20
h under oxygen atmosphere with a temperature rate of
50 ◦C/h. The phase composition of the resulting pow-
der was checked using a Rigaku Miniflex 600 x-ray pow-
FIG. 1. (Color online) Crystal structure of the ordered phase
of Na2RuO3 in the C2/c space group. Oxygen ions are drawn
in red, Na/Ru cations are showed in green/blue. Ordered
Na2RuO3 has the honeycomb-type cation ordering in the
[Na1/3Ru2/3]O2 slab. Stacking faults occur through the occa-
sional shift of the [Na1/3Ru2/3]O2 layers perpendicular to the
stacking direction, which in this case is the c-axis.
der diffractometer, with the resulting diffraction pattern
showing pure Na2RuO4 phase. The second step consisted
of reducing the Na2RuO4 under argon flow at 950
◦C for
24 h using a tube furnace. The resulting product was a
black homogeneous Na2RuO3 powder, which was found
to be mildly air sensitive. Efforts to make single crys-
tals via flux growth were unsuccessful, due in part to the
volatility of the material and the requirement of having
a reducing atmosphere to stabilise the Ru4+ ion.
Attempts to synthesize Na2RuO3 from Na2RuO4 us-
ing other synthesis temperatures and atmospheric condi-
tions were also conducted and are displayed in the phase
diagram of Figure 2. The phase homogeneity of the dif-
ferent batches was verified by powder x-ray diffraction25.
In general, the optimum conditions for the synthesis of
redordered Na2RuO3 phase was found to be in the region
corresponding to synthesis temperatures between 850 ◦C
to 1050 ◦C and partial oxygen pressure in one bar varying
from 0.001% (5N argon atmosphere) to 0.1%. In general,
the final structure was sensitive to final synthesis con-
ditions; for example, temperatures above 1050◦C under
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FIG. 2. Phase diagram of the synthesis conditions of
Na2RuO3. The markers denote the conditions at which the
synthesis attempts were conducted. The color scale repre-
sents the estimate percentage of the ordered Na2RuO3 phase
compared to foreign phases obtained from the x-ray diffrac-
tion measurements. The foreign phases include other Na-
Ru-O compositions such as disordered Na2RuO3, Na2RuO4,
NaRuO2, Na3RuO4 and Na27Ru14O48. The circles with grey
edge indicate the optimum synthesis conditions. The circle
with red edge highlights the synthesis conditions used to pre-
pare the samples for all the measurements present in this
manuscript.
argon atmospheric condition produced samples with a
high degree of in-plane Ru-Na disorder characterised by
an R3m space group. On the other hand, for tempera-
tures ranging from 850 ◦C to 1050 ◦C under the same
conditions, the crystal structure of the powders were
mostly characterised by the ordered C2/c space group25.
A complete systematic study of the bulk properties of
all batches was not performed and is beyond the scope
of this study. Note that despite ranges of temperature
and partial oxygen pressure having been identified as op-
timum conditions for the synthesis of ordered Na2RuO3
(see Figure 2), all the samples used in the various ex-
periments reported in this manuscript were prepared by
heating Na2RuO4 under argon flow at 950
◦C for 24 h.
B. Characterization methods
The crystallographic structure of the ordered
Na2RuO3 was verified by time-of-flight neutron powder
diffraction (TOF-NPD) measurements on the WISH
instrument at the ISIS spallation neutron source, UK.
The powder (∼ 3.5 grams total mass) was finely ground
and enclosed in a thin walled cylindrical vanadium can.
The obtained powder diffraction patterns collected for
temperatures ranging from T = 100 K to T = 1.5 K
using detector banks 2 - 5 were analyzed by Rietveld
refinement as implemented in the TOPAS software
(TOPAS 6.0, Bruker AXS, 2017). For each diffraction
pattern Chebyshev polynomials of 24th order were used
in order to model the complex corrugated background.
Structural parameters, like lattice parameters, atomic
positions, occupancies, isotropic displacement param-
eters and sample dependent peak shape contributions
were constrained over the different banks. More details
about the Rietveld refinement can be found in the
Supplemental Material25.
Bulk characterisation of the powders consisted of
magnetic susceptibility (χ) measurements in a Quan-
tum Design superconducting quantum interference de-
vice (SQUID), heat capacity (Cp) and four-probe resis-
tance (R) measurements in a Quantum Design physical
properties measurement system (PPMS). The heat ca-
pacity measurement was made on a sintered, cylindrical
pellet with specific dimensions to adapt to the mount-
ing on the PPMS addenda, i.e. large surface area and
thin sample to enable good thermalisation. The two-tau
analysis method was employed and a high coupling con-
stant (> 90%) was measured at all temperatures demon-
strating that the extracted time constant represents the
relaxation of the sample with the external thermal reser-
voir. Furthermore, the relaxation curves were well fitted
to the two-tau model and no distortion in the raw re-
laxation curves was observed. Energy dispersive x-ray
spectroscopy (EDX) was used to investigate the Na:Ru
ratio on a representative batch of powders using a JEOL
JSM-6610LV with Oxford Instruments EDX. To this end,
the powders were pelletized and cleaved to expose fresh
surfaces and the measurements were conducted in six
different areas of the sample. The measurements gave
an average Na:Ru ratio of ∼ 2.11, suggesting that the
samples are slightly Ru deficient. The deficiency of Ru
is likely related to the loss of RuO2 during the reduc-
tion process under argon atmosphere. While an excess
of sodium might be present in our samples, due to the
flexibility of the structure and as demonstrated studies of
battery material21,22, the high volatility of Na2O at 950
◦C compared to RuO2 suggests that the excess of sodium
in the structure of Na2RuO3 is unlikely to occur.
The photoelectron spectroscopy (PES) measurements
reported here were performed with a frequency converted
continuous wave laser and a hemispherical electron spec-
trometer. The photon energy of 6.01 eV used in these ex-
periments provides an increased bulk sensitivity as com-
pared to the more widely used energies of 20-100 eV.
The measurements were performed on pressed powders
cleaved under ultra high vacuum and the data were col-
lected for temperatures varying between 300 K and 10
K.
The inelastic neutron scattering measurements were
performed at the time-of-flight chopper spectrometer
MARI of the ISIS Facility with incident neutron energies
of 180 meV, 15 meV at temperatures of 5 K, 7 K and
300 K. Powder of Na2RuO3 (≈ 10 grams) were wrapped
in a thin Al-foil and mounted inside a thin walled Al-can
which was cooled down to 5 K inside a top loading closed
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FIG. 3. (Color online) Powder neutron diffraction obtained
from WISH instrument at ISIS at 100 K using bank 5. Black
open circles indicate the experimental data points and red
solid line is the Rietveld refinement. The Bragg peak positions
of the monoclinic and rhombohedral phases are indicated by
the green and dark blue vertical ticks, respectively. The blue
line shows the difference between the data and the simulated
curve. Details of the refinement in the other detector banks
can be found in the Supplemental Material25.
cycle refrigerator (CCR) with He-exchange gas.
III. RESULTS
A. Crystal structure
The TOF-NPD patterns of Na2RuO3 were collected
for temperatures ranging from T = 100 K (Figure 3) to
1.5 K25. No extra peaks were observed in the entire tem-
perature range measured indicating no change in crys-
tal symmetry or appearance of magnetic peaks. No sec-
ondary phases were detected. The TOF-NPD patterns
were refined by the Rietveld method using existing mod-
els for Na2RuO3 present in literature
19,21,22. While the
disordered crystal structure model (space group R3m)
fitted most of the intense reflections, several peaks were
not covered by this space group, specially in the region
of the inset of Figure 3. The presence of these reflections
demonstrate that the majority phase is the ordered C2/c
structure. These reflections also exhibit characteristic
triangular shape profile, which is a signature of stack-
ing fault disorder. The intrinsic stacking fault behavior
arises from deviations of the theoretical optimal alternat-
ing stacking sequence of a Na layer followed by a NaRu2
layer. In order to cover all the reflections present in the
TABLE I. Final parameters of the Rietveld refinement of
Na2RuO3 using the two-phase model at T = 100 K. Residual
factors and goodness of fit (GoF) are the overall factors for
all detector banks and are defined as in the TOPAS software.
The low GoF factor is explained by an overestimated Rexp
factor. The site occupancies were kept fixed throughout the
refinement.
Formula (nominal) Na2RuO3
Crystal system monoclinic rhombohedral
Space group C2/c (N◦15) R3m (N◦ 166)
Lattice parameters
a (A˚) 5.4131(1) 3.1689(9)
b (A˚) 9.3590(2)
c (A˚) 10.8113(1) 16.0372(55)
β (◦) 99.642(2)
Unit cell volume (A˚3) 539.977(21) 139.466(94)
Unit cell mass (u) 1560.382 390.095
Formula units Z = 8 Z = 3
Weight percentage 93.935(4)% 6.065(4)%
Rexp 70.508
R’exp 75.024
Rwp 6.885
R’wp 7.326
Rp 9.291
R’p 17.820
GoF 0.098
TABLE II. Final refined atomic site parameters of the Ri-
etveld refinement of Na2RuO3 at T = 100 K using the two-
phase model.
Atom x y z Occupancy Biso
monoclinic phase
Na1 0.2367(13) 0.5956(7) 0.0050(8) 1
0.71(5)Na2 0.25 0.25 0 1
Na3 0 0.8958(12) 0.25 1
Ru1 0 0.2654(7) 0.25 1
0.49(4)
Ru2 0 0.5975(7) 0.25 1
O1 0.1295(9) 0.0763(6) 0.1495(5) 1
1.62(3)O2 0.1497(9) 0.4072(6) 0.1470(5) 1
O3 0.1554(10) 0.7497(8) 0.1479(6) 1
rhombohedral phase
Na1 0 0 0 1 0.71(5)
Na2 0 0 0.5 1/3
0.49(4)
Ru 0 0 0.5 2/3
O 0 0 0.2240(9) 1 1.62(3)
neutron powder pattern, we have used a two-phase model
where the ordered C2/c and disordered R3m phases were
refined simultaneously. Figure 3 shows the Rietveld re-
finement of Na2RuO3 powder neutron diffraction pattern
at T = 100 K using this approach. The refined param-
eters and atomic positions can be found in Tables I and
II. Details of the refinement at T = 1.5 K can be found
in the Supplemental Material25.
The two-phase model was also used by Mogare et. al.19
and resulted in a significant volume contribution of the
disordered phase in their x-ray powder diffraction refine-
ment, indicating a high degree of disorder in the struc-
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FIG. 4. (Color online) (a) Magnetic susceptibility of polycrystalline Na2RuO3 for applied field of 1 T. The raw data (circles
and solid line) is shown along with the presumed intrinsic χ0 (dotted line) after subtracting a low-temperature Curie-like
1/T contribution. The inset shows the Fermi edge of Na2RuO3 polycrystalline pellets at different temperatures revealed by
PES measurements (open circles). The photoemission data was fitted to a Fermi-Dirac function multiplied by a polynomial
background and convoluted with a Gaussian. The Gaussian function has a FWHM of 5 meV, which is the expected resolution
of the experiment. The data was stacked vertically for better visualisation of the fitting results, which are showed by solid
lines. We have not fitted the data at 50 K due to its low signal-to-noise ratio. The fitting results from the 20 K and 30 K data
revealed that a gap can be excluded within our experimental accuracy. (b) Specific heat data as a function of temperature.
The inset shows a linear fit (solid line) in a C/T vs T 2 plot.
ture of their material. In contrast, our Rietveld refine-
ment shows a weight percentage of ordered C2/c phase
of 93%. While the two-phase model can predict most
of the reflections present in the inset of Figure 3, it is
still not enough to account for the underlying stacking
fault behavior in Na2RuO3, which is discussed in more
detail in Section IV. Moreover, the model overestimates
the crystallinity of the material and creates some addi-
tional phase peaks (such as in the region d ≈ 2.5− 4 A˚)
that cannot be found in the observed data.
B. Bulk properties
Figure 4(a) shows the temperature-dependent mag-
netic response χ(T ) of Na2RuO3 in an applied magnetic
field of 1 T. The data was collected from field cooled
powders with total mass of 0.3 grams. No evidence of
magnetic ordering is observed in χ(T ) down to 2 K,
in contrast with a previous report on single crystals of
Na2RuO3 where a sharp antiferromagnetic transition was
observed at TN = 30 K
6. No appreciable difference is
observed between data collected under zero-field or field
cooled conditions. Above 50 K, the magnetic suscep-
tibility is weakly temperature dependent and is likely
dominated by the Pauli term. To estimate the intrin-
sic susceptibility, χ0, we first fit the paramagnetic up-
turn below 50 K to a Curie-Weiss law and subtract it
from the raw data. Next, we subtract the isotropic core
diamagnetism26 (χD ≈ −5.02 × 10−5 emu/mol). This
gives an intrinsic χ0 ∼ 1.42(2)× 10−3 emu/mol Oe. The
low temperature Curie-Weiss contribution is equivalent
to approximately 10% by mass of S = 1 impurity, the
origin of which we discuss later.
Specific heat data shows no sign of a phase transi-
tion down to 1.9 K, as displayed in Figure 4(b). Fit-
ting the low temperature region (1.9 K ≤ T ≤ 12 K)
to C/T = γ + βT 2 yields an electronic coefficient of
γ = 11.7(2) mJ/Ru mol K2 and a phononic contribution
of β = 0.198(2) mJ/Ru mol K4 (inset of Fig 4(b)). The
electronic coefficient is comparable to the values found
for Sr2RhO4
27 and La-doped (Sr1−xLax)3Ir2O728,29 (x ≥
0.05) and suggests that Na2RuO3 may be a moderately
correlated metal. The experimental values of χ0 and
γ gives a Wilson ratio of RW ≈ 8.9(1), which is much
higher than the unity value for a free electron gas. The
enhanced value of RW suggests that Na2RuO3 is near an
instability30 and that it might be regarded as a moder-
ately correlated metal with enhanced spin susceptibility.
No signatures of magnetic excitations of Na2RuO3
were found in the inelastic neutron scattering measure-
ments. The INS powder spectra collected at T = 7 K
and 5 K with two different incident neutron energies, 15
meV and 180 meV, respectively, are shown in Figure 5(a-
b). The color scale represents the observed intensity as a
function of energy transfer and momentum transfer (|Q|).
We note an absence of a continuum of spin excitations at
low |Q| and low energy transfer25. This behavior, charac-
teristic of magnetic frustration, has been the most widely
6accepted evidence for a QSL state. The build-up of weak
intensity at high-|Q| region in Figure 5(b) comes from the
phonon modes that become stronger at higher incident
energies.
All the measurements mentioned above are consistent
with our results from PES experiments. The inset of
Figure 4(a) shows the Fermi edges of polycrystalline
Na2RuO3 at T ≤ 50 K with a photon energy of 6 eV. The
PES measurements reveal a jump in the photoelectron in-
tensity at the chemical potential, which is indicative of
a small but finite density of states at the Fermi energy
for all temperatures probed in these experiments. Sim-
ilar PES experiments with a higher photon energy and
correspondingly increased surface sensitivity did not de-
tect any Fermi step. This strongly suggests that the PES
data shown in the inset of Figure 4(a) represent a finite
bulk density of states at the chemical potential, consis-
tent with the specific heat measurements. Although not
performed in this present study, band structure calcula-
tions would be highly desirable to support the metallic
nature of Na2RuO3 and to confirm existing calculations
available in the materials project database31.
In contrast to all of our other data, the resistance was
found to increase substantially on cooling indicating an
insulating behaviour, as observed in Figure 6. These
measurements were carried out using a conventional four-
probe terminal method on a cold-pressed pellet, which
was sintered in argon at 850 ◦C for 1 hour to reduce
the effects of grain boundaries. The annealing protocol
did not degrade the sample, as confirmed by the X-ray
diffraction measurements on the resulting pellets.
IV. DISCUSSION
The structural and chemical characterisation of our
powders demonstrate that we have synthesised a nearly
phase-pure compound of ordered Na2RuO3. However, a
complete solution of the crystal structure is hindered by
the presence of broad diffraction peaks, which are com-
mon for A2MO3 (A = Li, Na and M = Ir, Ru) with hon-
eycomb ordered layers, and can be attributed to stack-
ing disorder. Since in these layered materials the crys-
tal grows perpendicular to the layer plane (here, along
c-axis), the ordered honeycomb layers can nucleate in
different stacking position, creating stacking faults. The
deviation from the ideal sequence of honeycomb stacked
layers leads to the peculiar triangular Warren-type peak
shapes observed in Fig. 3. While stacking faults can
be modeled by Rietveld refinement using combined x-
ray diffraction data sets32–35, our attempts to tackle this
problem proved unsuccessful mainly due to the complex
background and intrinsic asymmetry of the peak shapes
present in the TOF-NPD data. Nevertheless, our TOF-
NPD analysis using the two-phase model reveals a high
degree of ordering in the structure of our powders and
suggests that the C2/c crystal structure is a good candi-
date for the microstructural modelling of the stacking
faults in Na2RuO3. Indeed, recent study on sodium-
based batteries22 shows that modeling of stacking faults
using similar space group (C2/m) is possible when using
a combined X-ray diffraction data. Finally, the similarity
of the phase percentage of the disordered phase (≈6%)
and the Curie-Weiss contribution to susceptibility at low
temperature (≈10%) leads us to suggest that the disor-
dered phase might be responsible for the magnetic im-
purities. This is not unreasonable if the intra-plane Ru
disorder causes the electrons to localise and contribute
S = 1 moment per Ru+4 ion. The small amount of mag-
netic impurities may also be responsible for the enhanced
Wilson ratio and can explain the absence of magnetic ex-
citations in the INS data due to the proximity of a Stoner
transition.
Interestingly, our results reveal that Na2RuO3 has a
distinct ground state to that reported by Wang et. al.6.
Single-crystals of Na2RuO3 were claimed to order an-
tiferromagnetically below TN = 30 K and to present
a highly insulating ground state. We observe no evi-
dence of magnetic order in our polycrystalline Na2RuO3
in any bulk or spectroscopic probe: neither the NPD,
nor bulk susceptibility show any feature at 30 K. Coin-
cidentally, the features in the susceptibility from Ref 6
are remarkably similar to those observed in Na3RuO4,
whose structure consists of isolated tetramers of Ru5+
ions (S = 3/2) in a so-called lozenge configuration36,37.
We suggest that the single crystals from their study
have been miscategorized as Na2RuO3. Remarkably,
the structure of Na2RuO3 is quite different to the iso-
electronic sister compound Li2RuO3. In Li2RuO3, the
polycrystalline low-temperature phase adopts a strongly
distorted honeycomb lattice and dimerization, leading to
the formation of a singlet ground state16–18, which is in
contrast to Na2RuO3 suggesting that the small ionic ra-
dius of lithium plays a crucial role in stabilising the sin-
glet ground state.
The ground state of insulating ruthenates has been un-
der debate in recent years due to the similarity of SOC,
Hund’s rule and crystal field energy scales. Tradition-
ally, perovskite ruthenates have been understood by ar-
guing that the octahedral crystal field lifts the degener-
acy of the d-orbital manifold and the four 4d electrons fill
the t2g energy states to generate a low spin S = 1 mo-
ment. However, if one considers the effect of the mod-
erate SOC of the 4d electrons, the t2g manifold could
behave as a pseudo-Leff = 1 (or p-state) generating a
Jeff = 0 ground state with an excited state Jeff = 1 at
an energy λ (SOC energy scale) above the ground state,
as postulated in Ca2RuO4
12,38. Hence, one might ex-
pect a Van Vleck behaviour in the magnetism, where the
mixing of the ground state and excited levels produces
a temperature-independent contribution to the suscepti-
bility that might explain the susceptibility of Na2RuO3.
However, we believe that there are reasons to rule out
this scenario in Na2RuO3. Firstly, the energy scale of the
SOC in ruthenates is between 50 to 100 meV39; yet we do
not observe any excited states in the INS data below 150
7FIG. 5. (Color online) INS spectra of Na2RuO3 at low temperatures obtained using incident energies of (a) 15 meV and (b)
180 meV. No magnetic excitations are observed at any incident energy of the neutrons.
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FIG. 6. (Color online) Electrical resistance of polycrystalline
Na2RuO3 as a function of temperature.
meV. Although we cannot rule out magnetic excitations
at higher energy, which could be probed by resonant in-
elastic X-ray scattering. Secondly, a Jeff = 0 state with
unquenched orbital angular momentum requires a high
symmetry octahedral environment around the Ru4+ ion
but the Na2RuO3 has a large octahedra distortion of 7%
[rl/rs, where rl (rs) is the longest (shortest) Ru-O bonds],
much greater than the Jahn-Teller distortions observed
in Ca2RuO4 (≈ 1.5% at 10 K)40. Such a large distor-
tion is far more likely to quench the orbital magnetism
within the t2g manifold and stabilise a configuration with
a filled dxy orbital and half-filled dyz,zx orbitals, leading
to an S = 1 state in the localised limit.
Finally, the discrepancy between the bulk measure-
ments in our polycrystalline Na2RuO3 is perhaps most
intriguing. Taken together, the susceptibility, heat ca-
pacity and the photoemission measurements indicate
that this material has a Fermi liquid-like ground state.
However, the insulating behaviour in the resistance mea-
surements appears to contradict this hypothesis. We be-
lieve that the source of the discrepancy is the transport
measurements made on our powder samples. It is a com-
mon practice in the community to determine the resistiv-
ity of powdered materials using cold or pressed samples
and four-terminal d.c. voltage measurements. However,
this can often lead to misleading results; resistance mea-
surements on powdered samples contain contributions
from two sources: intrinsic and grain boundary (extrin-
sic) and it is challenging to separate them. The electron
hopping between grains can be modelled as a large en-
ergy barrier through which the electrons must tunnel,
similar to electron motion in a scanning tunnelling mi-
croscope. This inter-grain hopping is the origin of the
activation-like exponential increase in the resistance as
the temperature is lowered and usually dominates over
the intrinsic resistance of a grain. Moreover, the grain
boundaries will introduce capacitance into the measure-
ment circuit thus, ideally, the complex impedance should
be measured as a function of frequency and temperature
so that the real part of the intrinsic impedance can be
extracted. For a good example, see Ref. 41, where the
extracted grain boundary resistance in a pressed pellet
of UO2 had an activation-like temperature dependence
with a barrier energy of 0.13 eV and the grain bound-
ary resistance was an order of magnitude larger than the
observed intrinsic resistance. It is also worth pointing
out that for transport measurements on powders, repro-
ducibility is generally poor; each pressed pellet will have
a unique grain boundary resistance due to a large number
of factors, including porosity, grain stoichiometry, hygro-
scopicity and air sensitivity. In general, single crystals
are the most reliable form on which to measure trans-
port properties and measurements on powders should be
treated with caution. For our system, if we neglect the re-
sistivity data set, the simple conclusion is that Na2RuO3
8is a moderately correlated electron metal with modest
magnetic enhancements, a conclusion supported by the
photoemission spectroscopy experiments.
V. CONCLUDING REMARKS
We have performed a detailed study of the synthesis
and characterisation of polycrystalline Na2RuO3 by us-
ing neutron diffraction, inelastic neutron scattering as
well as susceptibility, heat capacity and photemission
measurements. No sign of magnetic ordering or magnetic
frustration is observed down to 1.5 K. Both magnetic
susceptibility and heat capacity data indicate character-
istics of significant electron correlation, with a large tem-
perature independent Pauli paramagnetism and moder-
ate Sommerfeld coefficient. This is consistent with the
observation of a Fermi edge in the PES measurements.
In contrast, resistivity measurements show nonmetallic
behaviour, which may be attributed to grain boundary
effects. Thus, we classify Na2RuO3 as a moderately cor-
related electron metal.
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